Obesity occurs when energy consumption (from food) chronically exceeds energy expenditure, and this dramatically increases the risk of developing many lifethreatening diseases. Adipose tissues, which consist mainly of adipocytes, are important in regulating systemic energy levels. Two general classes of adipocytes are found in mammals: white and brown. Whereas white adipocytes store and release energy in the form of fatty acids in response to systemic demands, brown adipocytes burn substrates, including fatty acids and glucose, to produce heat in response to various stimuli; this process is known as adaptive non-shivering thermogenesis.
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, which uncouples oxidative respiration from ATP synthesis; the resulting energy derived from substrate oxidation is dissipated as heat
.
Brown adipose tissue (BAT) in infants and adults is organized into discrete depots that are specialized for the efficient production and distribution of heat. BAT is densely innervated by the sympathetic nervous system and, in many cases, nerve fibres directly synapse onto brown adipocytes. Cold, which is sensed by the central nervous system, stimulates sympathetic outflow to BAT, and noradrenaline secreted by nerve fibres interacts with adrenergic receptors on brown adipocytes to activate thermogenesis 2 . BAT is also very highly vascularized, which enables substrates and oxygen to be delivered to brown adipocytes for thermogenesis and enables the resultant heat to be distributed to the rest of the body 3 .
UCP1-expressing and mitochondrial-rich adipocytes also develop in white adipose tissue (WAT) depots in response to cold exposure and certain other stimuli 4 , and these induced adipocytes have consequently been called 'beige' or 'brite' (brown-in-white) adipocytes. Beige fat is defined as the clusters of UCP1-expressing adipocytes that reside outside traditional brown fat depots. Like brown adipocytes, beige adipocytes have the capacity to convert energy into heat 4 . Brown and beige fat are major sites of adaptive thermo genesis in mice, and the activity of these tissues can significantly contribute to whole-body energy expenditure. In humans, BAT was previously thought to exist in meaningful amounts only in infants and to regress and become metabolically inconsequential in adults. However, in the past several years, positron-emission tomography (PET) imaging studies of glucose uptake have uncovered the presence of substantial deposits of thermogenic fat in adult humans [5] [6] [7] [8] . Marker gene expression analyses show that these thermogenic tissues express UCP1 and further suggest that certain human depots have a molecular profile that is similar to rodent BAT, whereas other depots have a beige fat-like profile [9] [10] [11] [12] . As mentioned above, cold exposure is a potent trigger for thermogenesis in brown and beige fat, and certain strains of mice lacking UCP1 cannot survive in the cold 13 . High-calorie or high-fat diets also induce BAT thermogenesis 14 , which curbs obesity in mice and depends on UCP1 function 15 . Mice lacking BAT are highly susceptible to obesity 16 , whereas mice with increased brown and/or beige fat function are protected against many harmful metabolic effects of a high-fat diet, including obesity and insulin resistance [17] [18] [19] [20] [21] [22] .
Sympathetic nervous system (SNS).
Regulates bodily function (unconsciously) by connecting the brain to internal organs through nerves in the spinal column. Presynaptic neurons in the spinal cord secrete acetylcholine to activate postsynaptic neurons that innervate target organs and tissues. The postsynaptic neurons secrete noradrenaline, which activates βadrenergic receptors on various cell types, including adipocytes.
Control of brown and beige fat development
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Abstract | Brown and beige adipocytes expend chemical energy to produce heat and are therefore important in regulating body temperature and body weight. Brown adipocytes develop in discrete and relatively homogenous depots of brown adipose tissue, whereas beige adipocytes are induced to develop in white adipose tissue in response to certain stimuli -notably, exposure to cold. Fate-mapping analyses have identified progenitor populations that give rise to brown and beige fat cells, and have revealed unanticipated cell-lineage relationships between vascular smooth muscle cells and beige adipocytes, and between skeletal muscle cells and brown fat. In addition, non-adipocyte cells in adipose tissue, including neurons, blood vessel-associated cells and immune cells, have crucial roles in regulating the differentiation and function of brown and beige fat.
Noradrenaline
A neurotransmitter in the catecholamine family that is secreted by sympathetic neurons to stimulate various responses, including adaptive thermogenesis in brown and beige fat.
Adrenergic receptors
A class of G proteincoupled cell surface receptors that are activated by catecholamines.
Adaptive thermogenesis
A facultative process by which animals produce heat only in response to stimuli, such as cold exposure or highfat diet. Muscle shivering and uncoupled respiration in brown and beige fat are major mechanisms.
Thiazolidinediones
A class of synthetic highaffinity agonists for the nuclear hormone receptor peroxisome proliferatoractivated receptorγ (PPARγ). Thiazolidinediones improve insulin action in mice and humans through activation of PPARγ in adipocytes and other cell types.
In humans, high levels of brown and beige fat activity also correlate with leanness, suggesting that there could be an important natural role for brown and beige fat in human metabolism 5, 6, 23 . As well as being induced by cold exposure, human BAT or beige fat activity and energy expenditure can be increased by treatment with β3-adrenergic agonists 24, 25 . Genetic evidence also suggests that BAT affects human energy metabolism and obesity susceptibility. For example, variants at the fat mass and obesity-associated gene locus (FTO gene locus), which are strongly associated with obesity, repress thermogenic pathways in adipocytes 26 . Regardless of whether deficiencies in the function of BAT predispose to obesity, augmenting brown-fat activity could have a beneficial effect; consequently, there is a growing research effort aimed at understanding the regulation of brown and beige fat formation.
In this article, we review the developmental origins of brown and beige fat cells and highlight key molecules that control the development and function of these cell types. As part of this, we describe the role of important brown-fat fate-determining transcription factors but do not focus on basic transcriptional mechanisms, as this was recently reviewed elsewhere 27 . Another goal of this article is to discuss the crucial part played by other adipose-resident cell types, including nerve fibres and immune cells, in regulating brown and beige fat thermo genesis. Finally, we identify important questions that remain to be addressed regarding the physiological role of BAT in systemic metabolism and the mechanisms that control BAT activity.
Brown versus beige adipose tissue
Brown and beige adipocytes share many morphological and biochemical characteristics: they contain many small lipid droplets (and are therefore termed multi locular, compared with unilocular white adipocytes) and densely packed mitochondria; they express key thermo genic genes (UCP1, cell death-inducing DFFA-like effector A (CIDEA), peroxisome proliferator-activated receptor-α (PPARA) and peroxisome proliferator-activated receptor gamma coactivator 1α (PGC1A; also known as PPARGC1A)); and they have the capacity to undergo thermogenesis in response to various stimuli (such as cold) 4 (FIG. 1) . Despite their similarities, however, brown and beige adipocytes also have distinguishing phenotypic (TABLE 1) , and functional features. Most obviously, under basal conditions, brown adipocytes have abundant mitochondria and express high levels of UCP1 and other thermo genic components as compared to beige adipocytes, which express thermogenic components only on stimulation (at which point they do so at compar able levels to brown fat cells) 12 . This distinction between browkn and beige fat cells is evident in vivo and ex vivo 12, 28 , suggesting that the stable thermogenic character of brown fat cells is at least partly cell autonomous. For example, adipo genic precursors isolated from BAT induce the expression of UCP1 during their conversion to adipo cytes in culture 28 . Beige-fat-selective precursors or adipo genic precursor cells from WAT do not activate the thermogenic programme in culture unless they are treated with additional inducers, such as thiazolidinediones [29] [30] [31] [32] or β-adrenergic agonists 12 . Thus, beige adipocytes have a flexible phenotype and can potentially carry out either energy storage or dissipation depending on the environmental or physiological circumstances.
Initial indications that beige and brown adipocytes were distinct entities came from genetic studies showing that genetic variation between mouse strains influenced Ucp1 expression levels in WAT but not in BAT 33 . Primary adipocyte cell cultures from the subcutaneous fat of obesity-prone C57/BL6 mice and obesity-resistant SV129 mice also show strain-dependent differences in the levels of Ucp1 and other thermogenic characteristics, indicating that the strain differences are, at least in part, adipose-cell autonomous 34 . Metabolic analysis of recombinant strains shows that the degree of Ucp1 induction in WAT (that is, the abundance and activity of beige adipocytes) correlates strongly with the capacity for treatment with β-adrenergic agonists to reduce obesity 35 . These studies also demonstrate that beige adipocytes suppress obesity, but only in the presence of sufficient levels of β-adrenergic activation.
The core thermogenic proteins, such as UCP1 found in BAT, are also expressed in beige adipocytes. However, beige adipocytes are uniquely equipped with an additional thermogenic mechanism that is separate from UCP1 function and that affects systemic energy homeo stasis 36 . Specifically, mouse and human beige adipocytes can run a futile creatine cycle that wastes energy and prod uces heat in response to cold or β-adrenergic activation. Blocking this cycle reduces the thermogenic capacity of inguinal WAT (and conceivably other WAT depots) and leads to diminished whole-animal oxygen consumption 35 . The existence of this UCP1-independent pathway for thermogenesis in beige adipocytes probably also explains, at least in part, the capacity for UCP1-deficient animals to survive in the cold through gradual acclimatization.
Formation of brown adipocytes in BAT depots
In mice, BAT depots form during embryogenesis before other adipose depots, providing newborns with a crucial capacity for non-shivering thermogenesis and enabling Uncoupling protein 1 (UCP1) is uniquely present in brown and beige adipocytes, where it is found in the inner mitochondrial membrane. When activated, UCP1 translocates protons (H + ) from the intermembrane space into the mitochondrial matrix. This dissipates the proton-motive force used by ATP synthase and increases respiratory chain activity. The available energy from substrate oxidation is thus converted to heat 122, 123 . Importantly, the activity of UCP1 is tightly regulated. Under basal conditions, proton leak through UCP1 is inhibited by purine nucleotides. Noradrenaline, which is secreted by nerve fibres in response to cold exposure, leptin and certain other stimuli, triggers a signalling cascade in brown adipocytes that induces lipolysis and activates UCP1 function. Specifically, long-chain fatty acids liberated by lipolysis bind to UCP1 and activate UCP1-catalysed proton leak 1, 122 . A recent study also demonstrates that mitochondrial reactive oxygen species, which accumulate in stimulated brown fat cells, enhance UCP1-mediated respiration by promoting the sulfenylation of a cysteine residue in UCP1 itself 124 . Thus, the protein levels of UCP1 in brown or beige fat reflect the thermogenic capacity, but UCP1 must be activated to increase thermogenesis. 
Homeobox gene
Dermomyotome
The mesodermal domain of the somite that is fated to differentiate into the skeletal muscle (myotome) and dermis (dermatome).
them to acclimatize to the cold. Clusters of brown adipocytes that express the master adipocyte differentiation factor PPARγ are detectable in the interscapular region of developing mice at embryonic day 14.5 (E14.5) 37 . In adult mice, the major BAT depots are located in the dorsal anterior region and consist of the interscapular, cervical and axillary BAT (FIG. 1) 39 .
En1
+ cells in the central dermomyotome develop into the dorsal (midline) dermis and the skeletal muscles of the back, as well as into interscapular and cervical brown adipocytes 40, 41 . Inducible lineage analyses showed that cells marked by early (E8.5-9.5) En1 expression predominantly give rise to brown adipocytes in anterior depots, whereas an En1-expressing population at later stages is multipotent, contributing to BAT, muscle and dermis 39 . These results suggest that multiple waves of En1 + cells exist, and that the early En1 + cells undergo brown fat commitment and lose En1 expression before acquiring other developmental potentials.
Brown adipocytes are also marked by the prior developmental activation of myogenic factor 5 (Myf5) and paired box 7 (Pax7) 40, 41 , which encode two transcription factors that mark myogenic precursor cells and carry out crucial roles in skeletal myogenesis. Early Pax7 expression in the somite marks cells that are prefer entially committed to form brown fat, whereas later Pax7 expression marks cells that are predominantly restricted to the skeletal muscle lineage 41 . Interestingly, WNT signalling in the (later) multipotent En1 + population drives dermal specification at the expense of both muscle and brown fat cell commitment 39 , suggesting that WNT signalling regulates the divergence of dermal cells from cells that have both myogenic and brown adipogenic potential.
The notion that BAT and skeletal muscle are closely related in development is reinforced by many additional lines of evidence. Gene expression studies showed that brown adipocyte precursor cells express many skeletal-muscle-specific genes 43, 44 . In addition, the mitochondrial proteome of brown adipocytes is more similar to that of muscle cells than to white adipocytes 45 . Finally, many factors, including PR domain zinc finger protein 16 (PRDM16), euchromatic histone-lysine N-methyltransferase 1 (EHMT1), Ewing sarcoma breakpoint region 1 (EWSR1; also known as EWS), zinc finger protein 516 (ZFP516), miR-133 and miR-193b-365, have been shown to regulate a cell-fate decision between muscle cells and brown fat cells 18, 40, [46] [47] [48] [49] [50] . PRDM16, a transcription factor that is enriched in brown fat relative to white fat and skeletal muscle, can drive the differentiation of brown fat cells when ectopically expressed in skeletal myogenic cells 40 . Conversely, loss of PRDM16 in isolated brown fat precursor cells promotes muscle differentiation 40 . Interestingly, the genetic loss of Prdm16 has relatively mild effects on BAT development in vivo 51 , owing to compensation by related proteins, including PRDM3 (also known as EVI1) 51 . EHMT1, a histone methyltransferase that physically interacts with PRDM16 and PRDM3, is required for BAT differentiation, and its deletion in mice promotes the expression of skeletal muscle transcripts in presumptive BAT 46 . The capacity for PRDM16 to repress muscle differentiation is completely dependent on EHMT1. These findings suggest that PRDM16, PRDM3 and possibly other related factors recruit EHMT1 to drive brown fat differentiation and block muscle commitment. Notably, ZFP516, another PRDM16-interacting partner and crucial BAT regulator, is also required to suppress muscle genes during BAT development 
. BAT is highly innervated and vascularized so that it can efficiently dissipate chemical energy as heat. White adipose tissue (WAT) is dispersed in various subcutaneous and intra-abdominal depots, and contains mostly white adipocytes. White adipocytes are characterized by the presence of unilocular lipid droplets and few mitochondria that are devoid of UCP1. WAT is a major organ for the storage and release of energy. Beige adipocytes are found in various WAT depots and are especially prominent in the subcutaneous inguinal WAT. Beige fat cells develop in response to cold and certain other stimuli. Like brown adipocytes, beige cells have multilocular lipid droplets and densely packed UCP1-positive mitochondria. Compared with brown adipocytes, beige adipocytes have more phenotypic flexibility, and can acquire a thermogenic or storage phenotype, depending on environmental cues.
Helix-loop-helix transcription factor
A transcription factor family characterized by a structural motif. These factors are known to have important roles in various developmental processes.
protein 7 (BMP7), a morphogen that promotes brown adipogenesis 47, 52 . Deletion of Ews from mice or isolated precursor cells blocks the development of BAT and leads to an increased expression of muscle-specific genes 47, 52 . Conversely, the loss of muscle commitment factors, including myogenin, blocks muscle differentiation and enhances BAT development 53 . Together, these results provide strong evidence that BAT and skeletal muscle are closely related in development. However, the hierarchical cell relationships involved in the differentiation of somitic precursors into brown fat, muscle and dermal cells remain to be elucidated and will require clonal approaches.
A considerable impediment in studying the lineage commitment and development of BAT is the paucity of molecular markers for brown fat precursor cells. Without such markers, it is impossible to determine when and where mesodermal cells adopt a brown fat fate. The helix-loop-helix transcription factor early B-cell factor 2 (EBF2; also known as COE2) is selectively expressed in embryonic brown fat precursor cells relative to precursors of related lineages (myogenic, dermal or white adipogenic) 37 , and EBF2 protein accumulates in a subset of cells that lack markers of other lineages in the anterior-most somites by E12 of development 37 . In adipo genesis assays, Ebf2 + cells efficiently and uniquely differentiate into brown adipocytes that express UCP1 and PRDM16 (REF. 37 ). EBF2, in addition to functioning as a marker of brown fat precursor cells, has crucial functions in BAT development 54 (FIG. 2) .
Ectopically expressing EBF2 reprogrammes myoblasts and fibroblasts into brown fat cells, whereas deleting Ebf2 in mice severely disrupts BAT development 54 .
Notably, EBF2 is required for establishing the brown fat characteristics of BAT, but it is dispensable for adipocyte development per se 54 . Presumptive BAT depots of Ebf2-deleted mice contain white-like adipocytes with reduced mitochondria and UCP1 levels. Interestingly, maintenance of mature white fat cell identity requires ZFP423, which acts to suppress EBF2 function 55 . Future studies are needed to identify the key molecular events that function upstream and lead to activation of EBF2 expression and brown fat commitment in the somites.
Expansion of BAT depots. Cold exposure stimulates the hyperplastic expansion of BAT depots through a process that involves the proliferation and de novo differentiation of precursor cells. The stromal vascular fraction of adult BAT contains highly committed brown fat precursor cells that express EBF2 and platelet-derived growth factor receptor-α (PDGFRα) 28, 37 . β-Adrenergic signalling directly induces the proliferation of these precursor cells 56, 57 . Lineage studies demonstrate that cold exposure activates brown fat precursor cells and induces their de novo differentiation into mature brown adipocytes 58 . The hyperplastic response depends on sympathetic innervation and β1-adrenergic receptor (ADRB1) function 59 . The molecular cues that control the balance between proliferation and differentiation of these precursors in BAT are unknown.
Formation of beige adipocytes in WAT depots UCP1-expressing multilocular beige adipocytes emerge in WAT depots in response to cold and various other stimuli. Prolonged cold exposure leads to the appearance of UCP1 + adipocytes in most WAT depots of mice. Brown Interscapular, cervical, axillary and perirenal
• CD137* White Subcutaneous and visceral
Preadipocyte factor 1 (PREF1; also known as DLK1) is a common marker for brown, beige and white preadipocytes 128 . Wilms tumour 1 (WT1) is a specific marker of visceral white adipocyte progenitors in the mesothelium 129 . Brown-fat-selective (versus beige fat) markers include LIM homeobox protein 8 (LHX8), zinc finger protein of the cerebellum 1 (ZIC1), epithelial V-like antigen 1 (EVA1; also known as MPZL2), pyruvate dehydrogenase kinase 4 (PDK4) and epithelial stromal interaction 1 (EPSTI1) 11, 12, 61 . Beige-fat-selective markers include T-box 1 (TBX1), Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 1 (CITED1), short stature homeobox 2 (SHOX2), CD137, transmembrane protein 26 (TMEM26), proton-coupled amino acid transporter 2 (PAT2) and P2X purinoceptor 5 (P2RX5) 11, 12, 38, 61, 62 . CD29 (also known as integrin β1) is a recently identified marker for the isolation of human preadipocytes 130 . ADIPOQ, adiponectin, C1Q and collagen domain containing; AGT, angiotensinogen; C/EBPIIB, CCAAT/enhancer-binding protein-IIβ; CIDEA, cell death-inducing DFFA-like effector A; COX, cytochrome c oxidase; DIO2, deiodinase, iodothyronine, type II; EBF2, early B-cell factor 2; EN1, engrailed 1; FABP4, fatty acid-binding protein 4; LEP, leptin; LY6A, lymphocyte antigen 6 complex, locus A; MYF, myogenic factor; PAX7, paired box 7; PDGFR, platelet-derived growth factor receptor; PPAR, peroxisome proliferator-activated receptor; PRDM16, PR domain zinc finger protein 16; Pread., preadipocyte; RETN, resistin; UCP1, uncoupling protein 1; WAT, white adipose tissue. *Cell surface markers.
However, certain depots, such as the inguinal WAT (a major subcutaneous depot in rodents), are highly susceptible to browning even with mild stimulation, whereas other depots, such as the epididymal (perigonadal) WAT of male mice are quite resistant to browning. For this reason, most studies examining the mechanisms of beige fat development and function have focused on the inguinal WAT depot in mice.
In humans, there has been an important debate about whether the identified BAT depots are analogous to classic BAT or beige fat in rodents. Two groups reported that the largest BAT depot in adults, located in the supraclavicular region, has a molecular profile that is more similar to that of rodent beige fat than to brown fat 11, 12 . By contrast, it was observed that the supraclavicular adipose tissue expresses higher levels of both beige and brown fat-selective genes relative to WAT, suggesting the presence of both cell types 10 . It should be noted that this latter study compared BAT samples from people with thyroid disease to control abdominal WAT from a separate cohort. The effect of disease as well as differences in the positional identity (anterior-posterior axis) of supraclavicular and abdominal adipose may have influenced the patterns of gene expression. To address the question, a direct methodology was used 12 , whereby marker gene expression levels in fluorodeoxyglucose (FDG)-PET positive BAT biopsies were compared with levels in adjacent regions of subcutaneous WAT from the same healthy individuals. The results suggest that much of the adult human BAT identified by FDG-PET is likely to be beige fat. In support of this, human BAT has a beige-fat-like morphology in that it contains clusters of multi locular UCP1-expressing cells interspersed among large, white-like, unilocular adipocytes.
Traditional WAT depots in humans, including the abdominal subcutaneous depot and omental WAT, harbour mesenchymal stem cells that are known as adipose-derived stem cells (ADSCs), which have the capacity to activate a brown-fat-like differentiation programme. These ADSC-derived adipocytes are fully competent to undergo UCP1-dependent thermogenesis in culture 31, 32 . However, the extent to which beige adipocytes are present or can be induced to develop in human WAT depots is unclear and remains a key question for future study.
Beige adipogenic precursor cells. Heterogeneous populations of adipogenic precursors isolated from WAT activate a brown-fat-like differentiation programme in response to various inducers ex vivo. For example, it was shown that a subpopulation of the stromal vascular population (Sca1 + CD45 − Mac1 − ) isolated from white fat and muscle can differentiate into UCP1-expressing adipocytes after exposure to BMP7 (REF. 60 ). Thiazolidinediones also induce a brown-fat-like programme in mouse and human WAT-derived adipogenic precursor cells 20, 29, 31, 32, 61 . However, these studies did not address whether there are separate populations of committed white and beige adipogenic precursor cells in WAT.
Clonal analyses of immortalized adipogenic cells in WAT revealed that there are distinct populations of white and beige precursor cells that express pre dictive gene signatures 12 . The beige cell lines express little UCP1 under basal conditions, but after treatment with β-adrenergic agonists, they upregulate UCP1 production to levels that are similar to those found in brown fat lines. By contrast, white fat cell lines show little capacity to upregulate UCP1 expression. CD137 (also known as TNFRSF9) and Brown adipocytes are derived from a multipotent progenitor cell population in the dermomyotome that expresses engrailed 1 (EN1), paired box 7 (PAX7) and myogenic factor 5 (MYF5) and also gives rise to skeletal muscle, dorsal dermis and a subset of white adipocytes. During embryonic brown adipose tissue (BAT) development, these progenitors first commit to becoming brown preadipocytes and subsequently differentiate into mature brown adipocytes. Several transcription factors and signalling pathways have been implicated in regulating the development of BAT: early B-cell factor 2 (EBF2) marks committed brown preadipocytes and might regulate brown adipose lineage specification; Ewing sarcoma breakpoint region 1 (EWSR1; also known as EWS) interacts with Y-box-binding protein 1 (YBX1; also known as NSEP1) to regulate the transcription of bone morphogenetic protein 7 (BMP7), which promotes BAT development; and PR domain zinc finger protein 16 (PRDM16) drives brown adipocyte differentiation through interactions with the adipogenic transcription factors CCAAT/enhancer-binding protein-β (C/EBPβ), peroxisome proliferator activated receptor-γ (PPARγ), zinc finger protein 516 (ZFP516) and euchromatic histone-lysine N-methyltransferase 1 (EHMT1). EBF2 cooperates with PPARγ to activate the brown-fat-selective programme. PDGFRA, platelet-derived growth factor receptor-α.
Mural cells
Cells that are closely associated with the vasculature, such as vascular smooth muscle cells or pericytes.
transmembrane protein 26 (TMEM26) were identi fied as novel beige-adipocyte-specific surface markers 12 . Other studies identified proton-coupled amino acid transporter 2 (PAT2) and P2X purino ceptor 5 (P2RX5) as cell surface markers of mouse and human brown and beige fat cells 62 . Antibodies that react with the extra cellular regions of one or more of these proteins will hopefully enable researchers to identify and purify brown and beige fat cells from different depots and under various conditions.
The brown preadipocyte marker Ebf2 is expressed in a subset of adipogenic precursor cells from mouse inguinal WAT 37 (FIG. 3a) (table) ). UCP1-expressing beige adipocytes, but not brown adipocytes (from BAT), were found to express a vascular smooth muscle gene signature 64 . Lineage analyses showed that myosin heavy chain 11 (Myh11) + muscle cells give rise to at least a subset of beige adipocytes in response to cold exposure 64, 65 (FIG. 3a) . Consistent with the idea that smooth muscle-like cells have beige adipogenic potential, PRDM16 expression can drive the differentiation of vascular smooth muscle cells into beige adipocytes 64 . Furthermore, deletion of PPARγ specifically in smooth muscle cells results in a complete loss of perivascular adipocytes that are known to have a cold-inducible beige fat profile 66 . Nature Reviews | Molecular Cell Biology Smooth muscle actin (SMA; also known as ACTA2), a gene expressed in perivascular and vascular smooth muscle cells, was independently identified as a general marker of adult adipose precursors 67 . This suggests that all white and beige adipocytes born in adults may derive from a vascular smooth muscle-like precursor. Consistent with this notion, most, if not all, coldinduced beige fat cells are marked by the developmental expression of SMA 65 . However, because SMA can also be expressed in mature beige adipocytes 64 , as well as marking mural cells, it is difficult to know whether SMA + mural cells are a major beige precursor population. Vishvanath et al. 68 show that different types of precursors are recruited to undergo adipogenesis in a manner that depends on the nature and/or strength of the stimulus. Mural cells, which express Pdgfrb and normally participate in WAT hyperplasia, undergo beige adipogenesis in response to long-term, but not acute, cold exposure 68 (FIG. 3a) . This mural cell population might overlap considerably with the Myh11 + precursor population that similarly requires a prolonged cold stimulus to undergo beige fat development.
A signalling pathway induced by BMP7 carries out a critical role in regulating beige adipocyte differentiation in SMA + precursor cells 69 (FIG. 3a) . BMP7 represses RHOA signalling, which reduces the activity of the serum response factor (SRF)-myocardinrelated transcription factor A (MRTFA; also known as MKL1) complex. Reduced MRTFA activity leads to disassembly of the actin cytoskeleton, which facilitates the differentiation of beige adipocytes. Conversely, transforming growth factor-β (TGFβ) blocks beige fat differentiation at least in part by increasing the function of MRTFA and thus promoting actin polymerization into micro filaments (for example, filamentous (F)-actin). Consistent with this model, deletion of Mrtfa or the TGFβ effector Smad3 from stromal vascular cells or mice enhances beige adipocyte differentiation 69, 70 . Phenotypic plasticity of beige adipocytes. There has been much debate about whether cold-induced beige adipocytes derive directly from mature white adipocytes or arise from the de novo differentiation of adipogenic precursor cells (FIG. 3a; Supplementary information S1 (table)). As discussed above, competent beige fat precursor cells can be isolated from rodent and human WAT. However, several observations suggest that direct conversion of white to beige adipocytes can be a dominant mechanism of WAT browning. First, there is little change in DNA content or adipocyte number during the induction of beige fat 71 . Second, most beige adipocytes are derived from non-dividing cells, which makes mature adipocytes the most likely source of such cells [72] [73] [74] . Several groups have recently evaluated adipocyte fate in response to cold exposure or β-adrenergic signalling by using lineage-tracing techniques. In an elegant study, one group created AdipoChaser mice to monitor mature adipocyte fate during cold exposure and found that although some beige adipocytes derive from mature adipocytes, most form de novo 75 . In other studies using these AdipoChaser mice, it was found that cold exposure induces both the differentiation of new beige adipocytes as well as the activation of UCP1 expression in a subset of pre-existing adipocytes 55, 68 . However, another study, using a conceptually similar approach, reported that almost all beige adipocytes descend directly from mature adipocytes 59 . Interestingly, beige adipocytes formed during cold exposure (by whatever mechanism) lose their expression of UCP1 but can be retained in adipose tissue after warm adaptation 76 . In the absence of stimulation, these adipocytes (which previously expressed UCP1) adopt a white-like morphology but can be induced to regain their multilocular morphology and reactivate UCP1 in response to another bout of cold exposure (FIG. 3a) . This result indicates that the thermogenic pheno type of beige adipocytes is reversible and that sustained adrenergic signalling is required to maintain the thermogenic profile of beige adipocytes.
These studies demonstrate that de novo differentiation of precursors and mature adipocyte conversion both contribute to beige fat biogenesis (FIG. 3a) . The relative balance between these mechanisms of beige fat induction may depend on the environmental history and/or age of the animal. Mice that previously experienced cool conditions may have incorporated more beige adipocytes into their WAT, whereas mice housed at warmer temperatures (at or near thermoneutrality) may have fewer preformed beige adipocytes and thus rely more heavily on de novo differentiation. Adipocyte turnover and, hence, de novo differentiation might also be favoured in older animals compared with younger ones. As originally advanced by Wu et al. 12 , we posit that beige adipocytes are a distinctive type of fat cells that express UCP1 and thermogenic components in the activated state and have a white fat morphology under unstimulated conditions.
How might phenotype switching in adipocytes be controlled? β-adrenergic signalling activates a variety of pathways to induce thermogenic genes in adipocytes. PGC1α is a central transcriptional mediator of β-adrenergic signalling in adipocytes [77] [78] [79] . β-Adrenergic agonists increase the expression levels and activity of PGC1α in adipocytes through activation of the p38-MAPK pathway 77 . PGC1α co-activates several transcription factors, including interferon regulatory factor 4 (IRF4), to promote mitochondrial biogenesis and activate thermogenic genes 80 . Adipocyte-specific loss of PGC1α is associated with reduced levels of UCP1 and thermogenic capacity in WAT 81 . Cold exposure, in addition to activating PGC1α in adipose, also reduces the expression of the EBF2 repressor ZFP423 (REF. 55 ).
Bipotent precursor cells for white and beige adipocytes.
Beige adipocytes develop robustly in the inguinal WAT, which expresses higher levels of PRDM16 and other brown fat factors 21 . However, most WAT depots undergo browning in response to cold, especially during longterm exposure 73 . Even the epididymal WAT of male mice, which is considered to brown poorly, acquires UCP1 + cells in response to cold exposure. Interestingly, the mechanism for beige fat cell induction in epididymal WAT is distinct from that seen in inguinal WAT 82 .
In epididymal WAT, PDGFRα + precursor cells undergo proliferation after β3-adrenergic stimulation before losing PDGFRα expression and differentiating into UCP1 + beige adipocytes 82 . Clonal analyses shows that PDGFRα + adipogenic cells from epididymal WAT are bipotent, as they can differentiate into both beige and white adipocytes 82 (FIG. 3b) . Further studies are needed to determine whether beige adipocytes in different depots or with different origins have different functions.
Cellular crosstalk in adipose tissue
Brown and beige fat tissues contain many other cell types in addition to adipocytes, including preadipocytes, neurons, vascular endothelial cells and immune cells (FIG. 4) . Crosstalk among these cell types has pronounced effects on the expansion and thermogenic activation of brown and beige adipose tissue.
Innervation of brown and beige adipose tissue. The sympathetic nervous system is intimately involved in regulating both the development and thermogenic function of brown adipocytes 83, 84 (FIG. 4a) . The presence of sensory neurons in BAT that are likely to participate in regulating the functions of BAT has also been documented 85, 86 . The importance of innervation in BAT function has been classically demonstrated through denervation studies [87] [88] [89] . BAT denervation leads to a large reduction in UCP1 levels, mito chondrial activity, blood flow and glucose uptake, particularly in animals exposed to cold or given a high-fat diet. Reciprocally, treating animals with noradrenaline or synthetic β-agonists recapitu lates adipose responses to cold, including brown fat activation and beige fat development. Notably, among WAT depots, the density of sympathetic nerve fibres correlates positively with the development of beige fat 73 . Moreover, immuno histochemical and ultrastructural studies show that chronic cold exposure increases the arborization of noradrenergic nerve fibres, providing a potential mechanism to amplify the cold response 90 . The expression of PRDM16 in adipocytes and their consequential browning leads to an increased density of nerve fibres in WAT in the absence of cold exposure 21 . This suggests that beige fat induction promotes nerve remodelling to allow for more efficient thermogenic activation of newly recruited beige adipocytes. Adipocyte-derived candidates that could mediate Paren chymal sympathetic nerve fibres secrete catecholamines to regulate the development and the thermogenic function of brown and beige adipocytes. Conversely, brown beige adipocytes might also promote nerve remodelling by producing neurotrophic factors, including nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and neuregulin 4 (NRG4). b | Brown and/or beige adipocytes and vasculature. Adipocytes secrete vascular endothelial growth factor (VEGF) to stimulate angiogenesis. The enhanced vasculature provides increased nutrition and oxygen to sustain thermogenesis in brown and beige adipocytes, thereby promoting energy expenditure and insulin sensitivity. c | Immune cell regulation of beige adipocytes. Interleukin-33 (IL-33) (of unknown cellular source) activates group 2 innate lymphoid cells (ILC2s), which secrete IL-13 and IL-5. IL-5 activates eosinophils, which produce IL-4. IL-4, in turn, induces the differentiation of M2 macrophages, which provide a crucial source of catecholamines for beige fat activation. IL-4 (from eosinophils or ILC2s) also acts directly on platelet-derived growth factor receptor-α (PDGFRA) + precursors to increase their proliferation and differentiation into beige adipocytes. Furthermore, ILC2s secrete Met-encephalin peptides to promote beige adipocyte differentiation. Meteorin-like protein (METRNL) secreted by muscle and WAT activates eosinophils and type II cytokine signalling to drive beige adipocyte development. 
M1-like macrophages
Macrophage populations that have a proinflammatory profile and are characterized by secretion of interferonγ, tumour necrosis factor and interleukin1.
M2-like macrophages
Alternatively activated macrophage populations that are characterized by secretion of arginase and interleukin10, and that have important roles in tissue repair and homeostasis.
Eosinophils
Specialized white blood cells that are characterized by granules that contain histamine and other chemical mediators.
They play an important part in antiparasite immunity.
Lipolysis
Hydrolysis of lipids into their component free fatty acids and glycerol.
Met-encephalin
A type of encephalin, which is a fiveaminoacid peptide that is classically known to regulate nociception by binding to opioid receptors. Metencephalin contains methionine, whereas Leuencephalin contains leucine.
nerve branching include nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), which are known regulators of nerve growth and differentiation 91, 92 . Neuregulin 4 (NRG4), a brown-fat-secreted factor, also has a potentially important role in promoting terminal nerve branching 93 . Understanding the mechanisms that regulate nerve fibre branching in adipose tissue might provide new therapeutic targets to enhance energy expenditure.
One caveat to consider in the aforementioned studies is that neurons were largely identified by immunohistochemistry for tyrosine hydroxylase (TH), a marker of noradrenergic neurons and a rate-limiting enzyme in catecholamine synthesis. However, adipose tissue macrophages, in addition to neurons, express TH and provide a crucial source of catecholamines during cold exposure 94 . Thus, at least some of the TH-positive cells observed in the WAT of cold-adapted animals are likely to be macrophages, and not nerve fibres.
Vasculature in brown and beige adipose tissue. Adipose tissues, especially BAT, are highly vascularized tissues 3 . The vasculature is also dynamically regulated in response to the metabolic demands of the tissue. Vascular endothelial growth factor (VEGF), a major angiogenic factor, is expressed at higher levels in BAT relative to WAT 95, 96 . VEGF levels are further increased by cold exposure to stimulate the growth of blood vessels 95, 97, 98 , and the resulting angiogenesis provides BAT with the necessary supply of oxygen and substrate to fuel thermogenesis (FIG. 4b) . Surprisingly, cold induces angio genesis in the absence of UCP1 or hypoxia in adipose tissues, suggesting the existence of a non-canonical mechanism for increasing the expression of VEGF 97 . In addition to its angiogenic action, VEGF augments beige and brown fat differentiation when overexpressed in adipose tissues of mice [99] [100] [101] [102] , which leads to metabolic improvements. Conversely, a high fat and high sucrose diet reduces the levels of VEGF and causes a decrease in vessel density in the BAT of mice 103 . This decreased density leads to mitophagy and a pronounced whitening of brown fat 103 . Together, these data indicate that the vascular supply profoundly regulates the thermogenic capacity and function of beige and brown fat. Related to this, the adipose tissue surrounding most blood vessels, called perivascular adipose tissue (PVAT), has thermogenic features similar to those of beige fat 66, 104 . PVAT secretes pro-inflammatory factors on vascular injury 105 , leading to the idea that PVAT regulates endothelial function. Consistent with this, loss of PVAT reduces vascular temperature and impairs lipid clearance 66 . High levels of substrate oxidation and thermogenesis by PVAT might play an important part in preserving endothelial function.
Immune cells in the regulation of brown and beige adipose tissue. Immune cells that reside in adipose tissue have a substantial role in regulating metabolic homeostasis 106, 107 . Obesity or a high-fat diet increases the recruitment of monocytes into adipose tissue as well as their differentiation into pro-inflammatory M1like macrophages. These M1-like macrophages produce inflammatory cytokines, such as tumour necrosis factor (TNF), which block insulin action in adipocytes, impair preadipocyte differentiation and induce brown adipocyte apoptosis [108] [109] [110] (FIG. 4c) . Conversely, in lean animals, anti-inflammatory M2like macrophages produce cytokines such as interleukin-4 (IL-4) and IL-10, which promote insulin sensitivity and adipocyte differenti ation 111 (FIG. 4c) . Alternatively activated M2 macrophages are maintained in adipose tissue through the function of eosinophils, another specialized type of immune cell population that produces the type II cytokines lL-4 and IL-13. Strikingly, the ablation of eosinophils and type II signalling in mice causes obesity and insulin resistance 112 . Type II cytokine signalling in adipose may drive many of its beneficial effects on metabolism through brown fat activation and beige adipose tissue remodelling. Cold exposure activates eosinophils in adipose, leading to increases in IL-4 and IL-13 and the alternative activation of macrophages. Alternatively activated macrophages enhance lipolysis, WAT browning and BAT thermogenesis through the secretion of catecholamines 94 (FIG. 4c) . The production of catecholamines by macrophages provides a mechanism to disseminate beige fat activation, given that WAT typically has fewer sympathetic nerve fibres than BAT. This discovery is ground breaking, as it refutes the long-held dogma that sympathetic nerve fibres are solely responsible for the cold-mediated activation of lipolysis and thermogenesis in adipocytes.
IL-4 also acts directly on adipogenic precursors in WAT to stimulate proliferation and thermogenic programming 58 . Loss of type II signalling by genetic manipu lation greatly reduces the development of beige fat and lowers energy expenditure 113 . Conversely, treatment of mice with IL-4 induces beige fat biogenesis and increases whole-animal energy expenditure to reduce obesity. Interestingly, meteorin-like protein (METRNL), which is secreted by muscle and WAT, promotes beige fat biogenesis by activating eosinophils and alternatively activated macrophages in WAT 114 . The type II immune pathway that controls brown and beige fat activation also involves additional immune populations in adipose tissue, including group 2 innate lymphoid cells (ILC2s) and regulatory T cells (T reg cells). ILC2s produce type II cytokines, among which is IL-5, an essential driver of eosinophil activation and survival 115, 116 . Adipose tissues from obese mice and humans contain fewer ILC2s than adipose tissues from lean mice. Whereas IL-33-induced activation of ILC2s or adoptive transfer of ILC2s promotes WAT browning and suppresses diet-induced obesity 58, 117 , deletion of IL-33 in mice (resulting in a reduction in the number of ILC2s) causes obesity 113, 117 . In addition to functioning in eosino phil maintenance, ILC2s directly promote WAT browning by producing Metencephalin peptides, which increase the expression of UCP1 in adipocytes 117 , and by secreting IL-4, which stimulates the prolifer ation and thermogenic programming of adipogenic precursors 58 .
Adipokine
Cytokine or other protein secreted by adipocytes.
T reg cells also play a crucial part in maintaining proper adipose tissue function 118 . Given that these cells promote alternative macrophage activation, the beneficial metabolic effects of adipose T reg cells may depend on brown and/or beige fat activation. Interestingly, BAT harbours a distinctive class of T reg cells that are required for efficient thermogenesis 119 . Further studies are warranted to examine the function of T reg cells in beige fat formation, and the mechanism by which cold engages the type II cytokine signalling network in adipose tissues.
Conclusions and perspectives
BAT and beige fat are major thermogenic tissues in rodents that protect animals against the negative metabolic effects of a high-fat diet. The correlation between the activity of brown fat and leanness in humans indicates that BAT might also influence energy balance and body weight in humans. However, whether reduced BAT activity is a cause and/or a consequence of obesity in people remains unknown. Regardless of whether the levels of BAT activity naturally influence body weight or metabolism, increasing the amount and/or activity of brown fat tissue in humans could be a safe and effective strategy to combat metabolic disease. In this regard, there is speculation that some of the metabolic improvements seen in people who undergo gastric bypass procedures could be mediated by increases in brown fat activity 120, 121 . Activation of brown adipose could also be used in people who have lost weight through diet and/ or exercise to counteract the typical decline in metabolic rate and prevent recidivism.
The renewed interest in the physiological role of BAT and its potential therapeutic application in humans has fuelled major discoveries related to the developmental biology of brown and beige fat. Lineage-tracing studies have begun to clarify the origins of different types of adipocytes and have revealed lineage relationships between vascular smooth muscle and beige adipocytes, and between brown adipocytes and skeletal muscle cells. Many transcriptional regulators of brown and beige fat cell differentiation have been identified, including PRDM16, EBF2 and ZFP516. Finally, various mechanisms have been proposed to control brown and beige fat activation, including novel roles for type II cytokine signalling and alternatively activated macrophages. Future studies are needed to integrate all of these various pathways into a cohesive model and to determine whether some of these pathways can be manipulated therapeutically to increase brown and/or beige fat function.
An important area of future research concerns the biology of fat precursors, which remains enigmatic. Fortunately, genetic tools that can be used to manipulate and study adipogenic precursor cells in vivo are being developed. Key issues include how adipogenic precursors are specified and how these precursor cells are regulated in physiological and pathological states. Another outstanding goal for the field is to determine the relative roles of brown and beige fat tissues in metabolism. Finally, brown or beige fat cells can also have beneficial effects on systemic metabolism through mechanisms beyond thermogenesis per se
. Altogether, there is great optimism that continued research into the mechanisms that control brown and beige fat biology will result in therapies to combat metabolic disease.
Box 2 | Non-canonical functions of beige and brown fat
Brown and beige adipose tissues might affect systemic metabolism through non-canonical mechanisms, including through the secretion of important autocrine, paracrine or endocrine factors. For example, neuregulin 4 (NRG4) is secreted by brown fat and acts on the liver to reduce fat storage; this has beneficial effects on systemic insulin sensitivity 125 . Brown and beige fat also promote osteoblast activity and bone health by secreting WNT10b and insulin-like growth factor-binding protein 2 (IGFBP2) 126 . Moreover, it is likely that the induction of beige fat, which is accompanied by profound white adipose tissue remodelling, leads to substantial alterations in the adipokine secretion profile that could have a wide range of metabolic effects in multiple tissues.
Brown and beige fat also indirectly influence systemic metabolism by acting as metabolic sinks for various substrates, including glucose, triglycerides and presumably other metabolites 127 . Finally, the remodelling and structural changes that accompany beige fat development may improve tissue function by decreasing fibrosis, reducing hypoxia and reducing inflammatory processes. Future studies examining these and other non-canonical functions of beige and brown fat are ongoing in many laboratories. 90-94 (1997) .
Here, the authors show that UCP1 is genetically required for cold-induced adaptive thermogenesis and cold-tolerance in mice.
The Ucp1-null mice generated in this work have been widely studied in many laboratories around the world. 14. Rothwell, N. J. & Stock, M. J. A role for brown adipose tissue in diet-induced thermogenesis. Nature 281, 31-35 (1979 
